Effect of profound hypothermia during circulatory arrest on neurologic injury and apoptotic repressor protein Bcl-2 expression in an acute porcine model  by Ananiadou, Olga G. et al.
C
S
P
E
n
e
O
Sardiopulmonary
upport and
hysiology
Pffect of profound hypothermia during circulatory arrest on
eurologic injury and apoptotic repressor protein Bcl-2
xpression in an acute porcine model
lga G. Ananiadou, MD,a Katherine Bibou, RN,b George E. Drossos, MD,a Antonia Charchanti, MD,b Mary Bai, MD,caleem Haj-Yahia, MD,d Constantine E. Anagnostopoulos, MD,e and Elizabeth O. Johnson, PhDb
O
n
1
i
p
M
1
w
p
i
m
s
m
R
h
n
P
c
i
a
C
f
T
p
f
p
E
l
CSFrom the Departments of Cardiac Surgery,a
Anatomy-Histology-Embryology,b and Pa-
thology,c University of Ioannina, School of
Medicine, Ioannina, Greece; the NHLI, Im-
perial College,d University of London, Lon-
don, United Kingdom; and the Cardiac Sur-
gery Department,e St Luke’s Roosevelt
Hospital, Columbia University, New York,
NY.
Read at the Eighty-sixth Annual Meeting of
The American Association for Thoracic
Surgery, Philadelphia, Pa, April 29-May 3,
2006.
Received for publication April 19, 2006;
revisions received Sept 25, 2006; accepted
for publication Oct 9, 2006.
Address for reprints: E.O. Johnson, MD, De-
partment of Anatomy-Histology-Embryology,
University of Ioannina, School of Medicine,
Ioannina 45110 Greece (E-mail: ejohnson@
cc.uoi.gr or oananiadou@yahoo.co.uk).
J Thorac Cardiovasc Surg 2007;133:919-26
0022-5223/$32.00
Copyright © 2007 by The American Asso-
ciation for Thoracic Surgeryo
doi:10.1016/j.jtcvs.2006.10.045bjectives: We reported that the neocortex and hippocampus are selectively vul-
erable to injury in an acute porcine model of hypothermic circulatory arrest at
8°C. We hypothesize that further cooling to 10°C could reduce neurologic injury
n these regions. To further elucidate the mechanisms of neurologic injury and
rotection, we assessed the expression of the anti-apoptotic protein Bcl-2.
ethods: Twelve piglets underwent 75 minutes of hypothermic circulatory arrest at
8°C (n  6) and 10°C (n  6). After gradual rewarming and reperfusion, animals
ere put to death and brains were perfusion-fixed and cryopreserved. Regional
atterns of neuronal apoptosis after hypothermic circulatory arrest were character-
zed by in situ DNA fragmentation with terminal deoxynucleotidyl transferase–
ediated dUTP nick end labeling (TUNEL) histochemistry. Bcl-2 protein expres-
ion was characterized with immunohistochemistry. Statistical comparisons were
ade by t test, analysis of variance, and Mann–Whitney U test, as appropriate.
esults: Concentrations of TUNEL() cells were significantly lower after profound
ypothermia at 10°C compared with 18°C hypothermia in the sensory and motor
eocortex and hippocampus (t test, P  .0001; P  .006; P  .006, respectively).
ositive Bcl-2 immunostaining was observed only in the motor and sensory neo-
ortex and hippocampus after 18°C hypothermic circulatory arrest. Profound cool-
ng to 10°C resulted in a significant increase in Bcl-2 immunostaining in the motor
nd sensory cortex as compared with 18°C (Mann–Whitney U test, P  .05).
onclusions: Deep hypothermia at 10°C protects the neocortex and hippocampus
rom insult during hypothermic circulatory arrest as suggested by significantly reduced
UNEL() staining in these areas. Although a concomitant increase in Bcl-2 ex-
ression was observed in the neocortex at 10°C, it remains unclear whether pro-
ound hypothermia deters from neuronal injury by activation of the anti-apoptotic
rotein Bcl-2.
xperimental studies have demonstrated that prolonged hypothermic circulatory
arrest (HCA) can lead to neuronal cell death, probably as a consequence of a
number of different pathways triggered by ischemia.1-3 Cerebral ischemia can
ead to neuronal injury by the process of apoptosis, as well as by necrosis, with a series
f steps existing between the initial ischemic insult and neuronal death. Within this
The Journal of Thoracic and Cardiovascular Surgery ● Volume 133, Number 4 919
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CSPascade, several proteins that facilitate neuronal survival com-
ete with molecules that contribute to cell death. Ultimately,
he final balance between cell survival–promoting proteins
ersus cell death–promoting proteins determines the fate of the
ell.4 The Bcl-2 family of proteins plays an important role in
his cell survival–cell death decision.5,6
HCA has been used for some 40 years as a means of
nterrupting normal perfusion of the brain and preventing sub-
equent cerebral ischemic injury during various cardiovascular
urgical procedures. Neuroprotection appears to be effectively
chieved by hypothermia during HCA, although the mecha-
isms underlying this effect remain to be elucidated. Hypo-
hermia acts by reducing cerebral metabolic activity and oxy-
en demand, preventing the release of neurotransmitters, and
elaying the onset of fatal biochemical cascade.7-9 Although
educed, brain metabolism is not adequately suppressed and
emains relatively high in conventional HCA protocols at
8°C.7 In a previous report, we10 characterized acute brain
njury after HCA in a juvenile pig model. We found that after
5 minutes of HCA at 18°C, there were increased terminal
eoxynucleotidyl transferase–mediated dUTP nick end label-
ng (TUNEL)–positive staining cells indicating DNA frag-
entation, especially in the neocortex and hippocampus,
ith the absence of morphologic evidence of apoptosis. We
ypothesized that these findings were compatible with the
arly activation of the apoptotic pathway.
In light of evidence suggesting that the cascade of events
eading to apoptosis may be inhibited in the earlier stages,1,11
he present study was undertaken to assess whether pro-
ound cooling to 10°C can reduce neurologic injury during
5 minutes of HCA in an acute porcine model compared
ith less profound cooling (18°C). To further elucidate the
echanisms of neurologic injury and protection, we as-
essed the expression of the anti-apoptotic protein Bcl-2.
aterials and Methods
ixteen male juvenile pigs from a commercial farm, 2.5 to 3.5 months
f age and weighing 30 to 35 kg, were used for this study. The
nimals were divided into three groups: group A (n  6) underwent
CA at 18°C for 75 minutes, group B (n  6) underwent HCA at
0°C for 75 minutes, and group C (n 4) served as normal controls.
ll animals were treated in accordance with the “Principles of
Abbreviations and Acronyms
ANOVA analysis of variance
CPB  cardiopulmonary bypass
HCA  hypothermic circulatory arrest
PLSD  protected least significant difference
TUNEL  terminal deoxynucleotidyl
transferase–mediated dUTP nick end
labelingaboratory Animal Care,” as described by the National Society for e
20 The Journal of Thoracic and Cardiovascular Surgery ● Apriedical Research, and the “Guide for the Care and Use of Labo-
atory Animals” of the Institute of Laboratory Resources, National
esearch Council. The protocol used in this study was also ap-
roved by the Animal Care and Use Committee of the University
f Ioannina.
nimal Preparation
reparation and surgery were performed as previously described.10 In
rief, catheters were inserted in an ear vein and the left femoral artery
or monitoring purposes and withdrawal of blood samples. Anesthesia
as induced with intramuscular ketamine hydrochloride (15 mg/kg),
tropine (0.05 mg/kg), and midazolam (Dormicum; 0.1 mg/kg) and
as maintained with intravenous fentanyl (50-200 g/kg), midazo-
am, and 1% to 2% isoflurane. Paralysis was achieved with an intra-
enous bolus of rocuronium (0.6 mg/kg) and was maintained with
0% of the total dose every 30 minutes.
Animals were ventilated mechanically with 100% oxygen, after
ndotracheal intubation. Ventilator rate and tidal volume were ad-
usted to maintain the PaCO2 tension at 40 mm Hg. Hematocrit
alues during cardiopulmonary bypass (CPB) were maintained
etween 13% and 23%. A temperature probe was placed in the
ectum, and brain temperature was determined with bilateral tym-
anic membrane probes. Urine output was collected through a
ladder catheter (Foley 8F–10F). Arterial pressure, end-expired car-
on dioxide, electrocardiogram, and blood gases (ABL Radiometer
edical A/S DK-2700, Copenhagen, Denmark) were monitored.
PB and HCA
s previously described, the chest was opened via a right thoracot-
my in the fourth intercostal space10 After administration of intrave-
ous heparin (300 IU/kg), cannulas were advanced to the ascending
orta (16F arterial cannula) and to the right atrium (single 26F can-
ula). Nonpulsatile CPB was initiated at a flow rate of 100
L · kg1 · min1 and then adjusted to maintain a minimum arterial
ressure of 50 mm Hg. To avoid distention of the left ventricle during
PB, we inserted a 10F vent catheter via the superior pulmonary vein.
he lungs were allowed to collapse after CPB was initiated. The CPB
ircuit was primed with a bloodless solution consisting of 1000 mL
actated Ringer’s solution, 50 mL mannitol, and 5000 IU heparin.
odium bicarbonate was added to adjust the pH to 7.4, as necessary.
CPB was continued for an average 58 or 106 minutes, to reach a
eep brain temperature of 18°C or 10°C, respectively. Myocardial
rotection was afforded by applying iced saline (4°C) topically during
he 75-minute interval of HCA. When the tympanic membrane tem-
erature reached 18°C or 10°C, bypass was discontinued, the blood
as drained into the oxygenator reservoir, and circulatory arrest was
aintained for 75 minutes. Ice bags were positioned around the head
o maintain the brain temperature during HCA. At the end of the
rrest, bypass was initiated again with gradual rewarming to a rectal
emperature of approximately 35°C to 36°C. A temperature gradient
xceeding 10°C between the perfusate and the core temperature was
voided. A temperature of 36°C was reached after an average of 83 or
04 minutes of reperfusion for animals treated with 18°C or 10°C
CA, respectively. Systemic pressure was maintained above 60 mm
g during reperfusion. Measurements of hemodynamics (heart rate,
ean arterial pressure), arterial blood gases, hematocrit, glucose, as
ell as temperatures were recorded at 5 time points during thexperiment: (1) baseline at 37°C and before CPB; (2) at the initiation
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Pf CPB; (3) during CPB, while cooling to a brain temperature of 18°C
r 10°C just before HCA; (4) during rewarming; and (5) at the end of
PB.
istologic Preparation and Evaluation
t the end of the experiment (approximately 170 minutes after the
nset of circulatory arrest), brains were perfused in situ with chilled
aline solution 0.9% (1 L) followed by 4% paraformaldehyde in 0.1
ol/L phosphate-buffered saline solution (1 L, pH 7.4). The descend-
ng aorta was crossclamped to avoid significant loss of perfusion
olution to the lower body. The brains were removed en toto, im-
ersed in 4% paraformaldehyde, and stored at 4°C in phosphate-
uffered saline solution. Control animals (n  4) received no inter-
ention and were put to death for histologic analysis.
All brains were bisected in the sagittal plane. Tissue blocks from
he left hemisphere were cut to encompass brain regions known for
heir vulnerability to hypoxia and ischemia. Brain regions evaluated
ncluded the precentral gyrus (motor neocortex), the postcentral gyrus
sensory neocortex), hippocampus, cerebellum, thalamus, and anterior
entral medulla. Tissue blocks were dehydrated in ethanol and xylene
nd embedded in paraffin. Serial 8-m sections were cut from each
issue block and were mounted onto slides. Hematoxylin and eosin
as used to characterize cell damage morphologically.
Neuronal apoptosis was characterized by in situ DNA fragmenta-
ion with TUNEL histochemistry. The TUNEL assay was performed
s described elsewhere4 with the Apop Tag in situ Apoptosis Detec-
ion Kit–Peroxidase (Oncor, Gaithersburg, Md). Each assay included
ositive and negative controls. All slides were evaluated by a neuro-
natomist in a blind fashion. Cell damage was categorized as either
ecrotic or apoptotic according to classic morphologic criteria in
ections prepared with hematoxylin and eosin, as previously
escribed.10
TUNEL() cells were identified by a red-stained, condensed
ucleus with apoptotic bodies, along with a diminutive or absent
ytoplasm. To describe the extent of apoptosis in the various brain
egions, we used a semiquantitative scoring system.11 Each slide was
cored on a scale of 0 to 5, as follows: grade 0, no TUNEL() cells;
rade 1, less than 10% TUNEL() cells; grade 2, 10% to 25%
UNEL() cells; grade 3, 25% to 50% TUNEL() cells; grade 4,
0% to 75% TUNEL() cells; and grade 5, greater than 75%
UNEL() cells. Scores from histologic evaluation and TUNEL
ssays were averaged from 4 to 8 slides from every region in each
nimal.
cl-2 Immunohistochemistry
ryosections were fixed in 75% acetone and 25% ethanol for 10
inutes, then treated with 10 g/mL proteinase K (Dako Cor-
oration, Carpinteria, Calif) for 15 minutes and 0.5% Triton
–0.03% H2O2-0, 1% body surface area for 20 minutes. Sections
ere incubated in 1.5% normal goat serum for 1 hour, then incubated
vernight at 4°C in specific first Bcl-2 antibody (Dako). Slides were
hen incubated for 1 hour at room temperature in appropriate
iotinylated secondary immunoglobulin G preabsorbed to normal
erum. After being washed in phosphate-buffered saline solution,
he sections were incubated for 1 hour at room temperature in 2%
vidin-biotin complex, followed by 3,3=-diaminobenzidine as the
hromogen. Negative controls consisted of sections incubated
ithout the antibodies. Thymus was used as a positive control. T
The Journal of ThoracicThe number of immunopositive cells in 4 to 5 fields was counted
y an investigator blinded to the treatment groups. Staining intensities
ere graded according to the number of positive cells counted with a
-grade scale: (1) negative: 0 cells stained; (2) weakly positive: 1 to 5
ells stained; (3) positive: 6 to 15 cells stained; and (4) moderately
ositive: more than 15 cells stained.
tatistical Analysis
alues are expressed as mean  standard deviation (SD) unless
ndicated otherwise. When appropriate, differences between two
roups were assessed by the unpaired 2-tailed t test. Differences
mong groups in TUNEL histochemistry studies were compared by
nalysis of variance (ANOVA) followed by the Fisher protected least
ignificant difference (PLSD) post hoc analysis. Differences between
roups in Bcl-2 immunohistochemistry studies were assessed with the
ann–Whitney U rank sum test for noncontinuous data.
esults
hysiologic and Metabolic Parameters
ll experimental animals survived the surgical protocol and
CA, as described above. All animals used in this study were
ale and were housed for at least 3 days in the Animal
ousing Facilities of the University of Ioannina. Mean (SD)
reoperative body weights for animals treated with 18°C and
0°C HCA and normal controls were 30.7  3.7, 34.2  3.1,
nd 31.3 3.0 kg, respectively. Respective mean (SD) ages
ere 70.5  7.7, 86.2  5.6, and 74.8  3.8 days.
The mean duration (SD) of CPB cooling for animals with
8°C versus 10°C HCA was 57.5  17.3 and 105.8  21.8
inutes, respectively (t test; P  .002). The mean duration
SD) of CPB warming for animals with 18°C versus 10°C
CA was 82.5 10.4 and 104.2 19.8 minutes, respectively
t test; P .05). Perioperative physiologic variables are shown
n Table 1. Although there were some minor variations, no
pparent clinically relevant hemodynamic differences were
bserved between treatment groups. Lactate levels were sig-
ificantly higher after HCA at 10°C compared with 18°C
uring rewarming. PO2 levels were significantly lower in 18°C
CA animals than in 10°C during cooling, and hematocrit
evels dropped to a similar degree in all experimental animals
uring the procedure.
istologic Evaluation
one of the treatment animals undergoing HCA or the controls
n this short-term protocol demonstrated histologic evidence of
euronal injury in any of the brain regions assessed by hema-
oxylin and eosin staining.
cute Neuronal Injury—TUNEL Assay for DNA
ragmentation
18°C HCA. HCA for 75 minutes at 18°C resulted in
ignificantly higher TUNEL() scores compared with normal
ontrols in all brain regions examined. Compatible with our
revious findings, a significantly higher concentration of
UNEL() cells were observed in the sensory cortex, motor
and Cardiovascular Surgery ● Volume 133, Number 4 921
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CSPortex, and hippocampus than in the cerebellum, thalamus, and
edulla (P  .05; ANOVA followed by Fisher PSLD) (Figure
, Table 2)
10°C HCA. HCA for 75 minutes at 10°C also resulted in
ignificantly higher TUNEL() scores compared with normal
ontrols in all brain regions assessed, although scores were
enerally lower than those observed at 18°C HCA.
UNEL() staining was elevated in the motor and sensory
eocortex of animals treated with 10°C HCA compared with
ontrols (P.04 and P .002, respectively). In these regions,
ABLE 1. Physiologic variables
ariable Baseline Initial CPB
rain temperature (°C)
18°C 36.5 0.4 34.1 1.8
10°C 36.5 0.4 33.2 1.6
AP (mm Hg)
18°C 114.0 14.9 57.2 16.3
10°C 118.7 13.0 59.7 10.1
rterial pH
18°C 7.40 0.12 7.26 0.19
10°C 7.34 0.13 7.32 0.11
O2 (mm Hg)
18°C 409.9 67.8 751.4 202.
10°C 378.4 118.3 689.5 45.5
CO2 (mm Hg)
18°C 51.32 19.0 73.7 37.8
10°C 58.1 23.3 60.0 17.7
ematocrit (%)
18°C 26.4 3.8† 16.4 3.4
10°C 26.0 3.8† 18.5 3.0
actate (mmol/L)
18°C 2.7 1.8 4.5 2.1
10°C 3.1 1.03 4.4 1.6
ll values are expressed as mean  SD. *P  .05 between animals trea
ample times (ANOVA followed by Fisher PSLD).
igure 1. Photomicrograph showing apoptosis in the brain after
CA in a short-term model. Cluster of TUNEL() apoptotic neu-
ons (nucleus red stained) are interspersed among normal neu-
ons in the anteroventral medulla. (Original magnification 400.) .
22 The Journal of Thoracic and Cardiovascular Surgery ● Apriositive staining cells were primarily located in the superficial
ray matter. Normal neurons were found interspersed.
UNEL() staining was higher in 10°C-treated animals than
n controls in the hippocampus (P .005) and was dispersed
hroughout the CA1-3, CA4, and the dentate gyrus.
UNEL() staining was also significantly higher in the an-
eroventral medulla, thalamus, and cerebellum in animals
reated at 10°C compared with controls (P  .001, P  .002,
nd P  .004, respectively). In the cerebellum, TUNEL()
ells were located in the deep layer of the cerebellar gray
ater.
In contrast with our findings at 18°C HCA,10 animals
reated with 75 minutes of HCA at 10°C HCA showed no
ifferences in tissue-specific vulnerabilities among the neural
Cooling Warming End CPB
18.0 0.0 25.8  3.2 36.5  0.8
10.0 0.0 28.2 3.1 36.9  0.2
55.2 8.1 67.8  15.7 68.3  25.7
54.0 3.4 69.4  16.5 85.0  8.9
7.26 0.12 7.20 0.07 7.35  0.14
7.28 0.11 7.32 0.08 7.38  0.13
787.1 319.06* 429.0 126.9 424.6 112.1
1066.0 122.8 562.8 123.4 459.4 45.4
67.2 31.3 69.3 14.4 38.7  18.7
58.2 12.4 44.0 12.9 31.7  9.0
15.51 3.3 16.6 3.9 15.5  3.1
18.6 3.7 19.2 3.5 19.2  3.0
5.6 2.5 6.3  1.7* 11.0  4.3
8.3 3.0 11.6 2.8 11.9  3.5
ith HCA at 18°C versus 10°C (unpaired 2-tailed t test). †P  .05 between
ABLE 2. TUNEL scores in brain regions of animals treated
ith HCA at 18°C or 10°C compared with controls
rain region 18°C 10°C Control
otor cortex 3.28 0.32* 1.79 0.38‡ 0.50  0.22
ensory cortex 3.88 0.13† 1.60 0.31¶ 0.14  0.14
ippocampus 2.67 0.36* 1.39 0.24§ 0.17  0.17
erebellum 2.13 0.48 1.82 0.23§ 0.71  0.18
edulla 2.00 0.41 2.08 0.23¶ 0.57  0.20
halamus 2.33 0.67 1.54 0.31¶ 0.00  0.00
ll values are expressed as mean  SE. *P  .006 and †P  .0001
ompared with values from animals treated with 10°C HCA. ‡P .05; §P8
ted w005; ¶P  .002 compared with normal control levels.
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Pegions assessed. (P  .05; ANOVA followed by Fisher
LSD) (Figure 2).
eural Protection
Region-specific differences. The mean number of
UNEL() cells in serial sections from the sensory cortex,
otor cortex, and hippocampus showed a significant reduc-The Journal of Thoracicion when cooled to 10°C as compared with 18°C (t test P
0001, P  .006, and P  .006, respectively). Although
evels were lower at 10°C, sections from the thalamus,
nteroventral medulla, and cerebellum failed to show any
ignificant reduction in TUNEL() staining when animals
ere treated with deep hypothermia at 10°C as compared
ith 18°C (Figure 3).
Figure 2. Photomicrographs of brain
tissue sections after TUNEL histo-
chemistry: A, B, and C, the precentral
gyrus (motor neocortex); D, E, and F,
the hippocampus. Photomicrographs A
and D are from HCA at 18°C HCA; B and
E are from 10°C HCA; and C and F are
from normal controls. Note elevated
TUNEL() staining at 18°C compared
with 10°C and the lack of any staining
in normal controls. (Original magnifi-
cation 400.)
Figure 3. Differences in mean TUNEL() scores
between HCA at 18°C (solid bars) and profound
cooling at 10°C (open bars). Whiskers indicate
SE. (*P < .006 and **P < .0001.)and Cardiovascular Surgery ● Volume 133, Number 4 923
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CSPBcl-2 immunostaining. Positive Bcl-2 immunostaining
as observed in the motor and sensory neocortex and hip-
ocampus after HCA at 18°C and at 10°C. Bcl-2 immuno-
taining was absent in the cerebellum, thalamus, and medulla.
rofound cooling to 10°C resulted in a significant increase in
cl-2 expression in the neocortex compared with that observed
t 18°C (P  .05 Mann–Whitney U). No significant change
as observed in Bcl-2 expression in the hippocampus after
rofound cooling to 10°C compared with 18°C HCA (Figure
, Table 3).
iscussion
ypothermic metabolic suppression remains a major protec-
ion strategy for the brain during intervals of circulatory arrest
equired for complex aortic reconstruction, among other sur-
ical procedures.7 Concern about brain intolerance to anoxia
as limited ischemic intervals despite cooling to 18°C. This
as prompted a search for improved ways of implementing
CA in the hope that the duration of arrest can be tolerated
ithout apparent ill effects.
Previously, we assessed acute neuronal injury in various
egions of the brain after HCA at 18°C in a short-term porcine
nimal model. We reported that neurons in the sensory and
ABLE 3. Regional Bcl-2 immunoreactivity in neocortex
nd hippocampus
rain region 18°C 10°C Control
otor cortex 1.67 0.33 2.5 0.22* 1.8 0.25
ensory cortex 0.83 0.31 1.8 0.31* 1.8 0.63
ippocampus 1  0.52 1  0.45 1 0.41
ll values are expressed as mean  SE. *P  .05 compared with values
irom animals treated with 18°C.
24 The Journal of Thoracic and Cardiovascular Surgery ● Apriotor neocortex, as well as in the hippocampus, were selec-
ively vulnerable to cell injury acutely after 75 minutes of
CA, as determined by a positive TUNEL reaction for DNA
ragmentation.10 Although nerve cell populations in the cere-
ellum, thalamus, and ventral medulla also showed cell injury,
he percentage of TUNEL() cells in these areas was signif-
cantly less than that observed in the primary motor and sen-
ory cortex and in the hippocampus.10 These findings were
ompatible with those reported in models of long-term
CA.1,2,12 Taken together, it appears that hypoxia-ischemia
esults in variable injury to selected regions of the brain, rather
han global injury.10,13 Selective vulnerability occurs in both
he adult and neonatal brain and reflects heightened sensitivity
f specific neuron groups to injury.12 It should be noted that
lthough TUNEL testing is a hallmark for apoptosis, it shows
oor sensitivity and specificity, inasmuch as the TUNEL assay
s unable to distinguish DNA fragmentation associated with
poptotic versus necrotic cell death.
In the present study, we found that profound hypo-
hermia at 10°C during HCA resulted in a signifi-
ant reduction in neurologic injury as indicated by
UNEL() staining in these selectively vulnerable brain
egions. TUNEL() staining was significantly reduced at
0°C in the motor and sensory cortex and the hippocam-
us compared with 18°C HCA, indicating increased ce-
ebral protection in these areas. These findings are com-
atible with previous reports that profound hypothermia
esults in a better neurologic outcome than conventional
CA methods.13 Although this study does not elucidate
he mechanisms, it does affirm that profound hypother-
ia exerts a neuroprotective effect. It is noteworthy that
he magnitude of the tissue-specific vulnerabilities to
Figure 4. Photomicrographs of brain
tissue sections after Bcl-2 immunohis-
tochemistry: A, B, and C, the precentral
gyrus (motor neocortex); D, E, and F,
the post-central gyrus (sensory cortex).
Photomicrographs A and D are from
HCA at 18°C HCA; B and E are from
10°C HCA; and C and F are from normal
controls. (Original magnification 400.)nsult among the neural regions is less if not altogether
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Pbsent at 10°C. This is compatible with the findings of
aptook and colleagues,14 which showed less protection
f the hippocampus, thalamus, and striatum with hypo-
hermia compared with other nerve cell populations.
Delayed cell death via apoptotic pathways is of special
nterest because of the potential for intervention. Although
uestions remain regarding its specificity and sensitivity, a
allmark of apoptosis is the fragmentation of DNA into smaller
rdered oligonucleosomes with 3=-OH end groups, detectable
ith in situ labeling (TUNEL).15-17 Recent studies using a
ariety of methods have noted multiple different patterns of
poptotic cell damage in brains after HCA.1,12,18 Most previ-
us studies use long-term animal models and investigate the
xtent of brain injury at a later time, resulting in a potential
nderestimation of the contribution of apoptotic mechanisms
o the cerebral sequelae after HCA.1,3 Several authors have
xpressed concern regarding the temporal pattern of brain
amage and apoptosis after HCA.1,12,13 In an effort to evaluate
he time course of cerebral injury, Hagl and colleagues1 put
nimals to death at 6, 24, 48, and 72 hours and at 7, 10, and 12
ays after HCA. The authors reported that the brain al-
eady exhibited serious brain injury at 6 hours after HCA.
or the most part, previous reports using a long-term model,
lthough able to assess behavioral outcome, express con-
ern about missing the optimal time for detection of apo-
tosis.13 To our knowledge, the only other short-term model
s that of Ye and colleagues,19 who used a much longer
nsult (120 minutes) and a temperature intermediate (15°C)
o that used in the present study. As a result of these previous
eports, we selected a very early time point (80-100 minutes
fter HCA). At this time point we found not morphologic
vidence of apoptosis, but significantly greater levels of
UNEL() cells in the brain regions assessed, suggesting
hat damaged cells are being shunted into apoptosis.
Although there is a consensus about the benefits of pro-
ound hypothermia, the optimal temperature for maximizing
erebral protection has yet to be identified. Moreover, the exact
echanism of cerebral protection during hypothermia is not
lear. It is assumed that, at least in part, protection is achieved
econdary to metabolic suppression.7 In this regard, cerebral
xygen metabolism has been found to be significantly reduced
ith profound hypothermia at 8°C, whereas at 18°C it remains
s high as 24% of baseline, suggesting a less complete cerebral
rotection at the latter temperature.8 As further lowering of
etabolic rate is achieved with profound cooling, we hypoth-
size that better cerebral protection is also achieved. Despite
his apparent benefit, deep hypothermia has not only been
ssociated with side effects, such as coagulation disorders, but
lso results in an increase in the time necessary for prolonged
PB owing to the time needed for rewarming. As the temper-
ture decreases, the rate of venous return to the oxygenator
ump decreases, as a result of the trapping of blood in areas of
apillary stasis. Although low-molecular-weight dextran is
The Journal of Thoracicble to lessen this effect, limited clinical experience indicates
hat hypothermia can be associated with hemodynamic insta-
ility, cardiac arrhythmias, increased serum lipase and amylase
evels, thrombocytopenia, and decreased total white blood cell
ounts.20,21
The majority of reports use the classic 90-minute HCA,
0°C model, which results in more severe cerebral injury than
hat usually observed clinically, where HCA is carried out for
horter intervals.1,11-13 In the present short-term model, ani-
als were treated with HCA for 75 minutes and were evalu-
ted after approximately 80 to 100 minutes of reperfusion. We
ound no morphologic evidence of apoptosis, but significantly
reater levels of TUNEL() cells in the brain regions as-
essed. It has been suggested that subtle injury results in a
reater proportion of damaged cells being shunted into apo-
tosis, as compared with necrosis. Thus, long-term models
ay have underestimated the contribution of apoptosis to the
erebral sequelae after HCA.1 The observation that TUNEL-
abeled cells may eventually, but not necessarily, progress into
orphologically distinct apoptotic cells also confirms the idea
hat different morphologic characteristics may reflect different
tages of the same death process.22 A wide variety of stimuli
an initiate the apoptotic cascade. After an appropriate stimu-
us, the first stage or the decision phase is initiated. This is
eferred to as the genetic control point of cell death, which
ppears to be regulated by the Bcl-2 family of genes. This is
ollowed by the “execution phase,” which is responsible for the
orphologic changes of apoptosis.18 Cellular disruption results
rom activation of the caspases family. Inasmuch as we lack
lear morphologic evidence of apoptosis, we hypothesize that
ur findings indicate an early point of activation of the apo-
totic pathway (decision phase).
This hypothesis is supported by our findings in Bcl-2 ex-
ression. The Bcl-2 family of proteins are important for the
egulation of apoptosis during the “decision phase.”18 An in-
rease of Bcl-2 has been suggested as an internal protective
echanism against apoptotic cell death, where Bcl-2 is persis-
ently expressed in neurons that survive in ischemia.4,14 In the
resent study, brain regions that were selectively vulnerable to
eurologic injury, particularly the neocortex and hippocampus,
howed higher levels of Bcl-2 expression after HCA at 18°C
ompared with other brain regions (thalamus, cerebellum, and
edulla). Moreover, profound hypothermia at 10°C re-
ulted in a significant decrease in TUNEL() staining in
hese brain regions. Although a concomitant increase in
cl-2 expression was observed in the neocortex, it remains
nclear whether profound hypothermia deters from neuro-
al injury by activation of anti-apoptotic protein Bcl-2
xpression.
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r Frank L. Hanley (Stanford, Calif). Dr Ananiadou, you and your
olleagues have designed and executed an excellent study that con-
incingly shows in this particular porcine model that increased levels
f hypothermia from 18°C down to 10°C during 75 minutes of HCA p
26 The Journal of Thoracic and Cardiovascular Surgery ● Apriesults in less DNA fragmentation and greater expression of the
nti-apoptotic protein Bcl-2 in the vulnerable neocortex and hip-
ocampus.
The results of this nicely designed study stand on their own. They
re very clear and I would have no argument with what you have
hown. However, when it comes to the suggested mechanism and
ausality that you have implied, there is a little less clarity. That is
here I would like to focus just one comment and question and see
hat you think about it.
You have stated very specifically that reduced temperature acti-
ates Bcl-2, implying a proposed specific protective effect of lower
emperature itself. This would obviously have extremely important
mplications for how we manage patients clinically and in patients in
hom deep HCA is used. However, is it really the lower temperature
hat activates this anti-apoptotic mechanism or is it simply that the
ower temperature reduces the overall ischemic insult and it is this
esser ischemic insult itself that allows for the increased Bcl-2 activ-
ty? Clearly, the ischemic insult is related to two things, the length of
irculatory arrest and the temperature at which that length of circu-
atory arrest exists. The combination of the length and the temperature
efine the ischemic insult in rough terms.
What I am really asking is, have you looked at this in another way?
ould an insult of less length of circulatory arrest, say 50 minutes
ather than 75, with a temperature of only 18°C result in increased
cl-2 activity? Or alternatively, if you increased the ischemic time,
he circulatory arrest time to, say, 90 minutes at 10°C, would that not
ncrease Bcl-2 activity, getting more to the mechanism of what
ctually is increasing your protective anti-apoptotic protein expres-
ion?
Dr Ananiadou. What has changed in this protocol, in the two
roups, is not the duration of ischemia; it is only the temperature. That
s why we hypothesize that the lower temperature is the mechanism
hat causes increased Bcl-2 immunoreactivity. It is the only parameter
o change in this model. The arrest time is the same, 75 minutes. Thus
he ischemic interval is the same. The ischemic insult is the same. The
rotective mechanism that induces the increase of Bcl-2 immunore-
ctivity is the lowering temperature. That is what I think.
Dr Hanley. I understand. But I think there is a fine point here that
s very, very important. The ischemic insult is the same, 75 minutes,
here is no question, but the injury induced by an ischemic insult may
e very different at different temperatures. It is the injury to the neuron
hat is critical here.
If you are arguing that temperature in and of itself directly,
echanistically increases Bcl-2, then if we are going to do a circula-
ory arrest operation and have only 20 minutes of circulatory arrest, it
ould mean we should go down to 10°C. However, if we might need
o do circulatory arrest for 40 or 50 or 60 minutes, knowing whether
oing down to 10°C is more important in that setting than in the
horter setting is critical to how we would manage our patients.
You are implying that the temperature of 10°C in and of itself is
lways going to be helpful, whereas I am saying it does not seem that
lear to me from your model that that is actually the case. Rather, it
s the level of neuroinjury that is a combination of arrest time and the
ower temperature that may well be what is important.
Dr Ananiadou. It is believed that hypothermia alters the pattern of
ensitivity of cells. That is why we have different damage. But, on the
hole, I agree with you; profound hypothermia is not the only
arameter.
l 2007
